The metabolic form of vitamin A, retinol, has a pivotal role in the nervous system development and neuronal differentiation, both during embryogenesis through maternal-fetal support and in the early postnatal life. Retinoic acid was administered orally at a dose of 10 mg/kg body weight to pregnant female rats through days 8 -10 of gestation. Spinal cord sections were processed for histochemical visualization one day after birth and on day 21, when weaning is expected. NADPH-diaphorase (NADPH-d)-positive neurons were found in the dorsal horn, around the central canal, and at the intermediolateral cell column on postnatal days 1 and 21 in both control and experimental groups. There were no NADPHd-positive structures in the ventral horn. The results suggest that prenatal administration of high doses of retinoic acid is not associated with postnatal morphological changes in NADPH-d-positive neurons in the rat spinal cord. Levels of antioxidants and related enzymes in retinoid storage organs were measured to estimate possible side effects. The activities of enzymes detoxifying superoxide radicals and peroxides were supressed after birth. A decrease in the level of reduced glutathione was observed on postnatal day 21, indicating an unbalanced redox environment.
Introduction
Vitamin A and its metabolites have long been studied for their ability to alter the central nervous system (CNS) development (O'Reilly et al., 2008) . Retinoids are involved in the control of cell proliferation, cell differentiation, and embryonic development (Novák et al., 2008) . Most of their effects are mediated by all-trans-retinoic acid (RA), whose developmental functions include pattern formation, neuronal differentiation, and possibly axonal guidance (Propping et al., 2007) . RA is synthesized from retinol in a two-step pathway involving an initial oxidation to retinal and then to RA (Duester, 2008) . The recommended daily allowance for vitamin A consumption is 1500 RE for adults and 2400 RE for pregnant or lactating women (1 RE = 1 μg retinol = 3.3 IU), 1000 IU for children aged 1 -3 years and 1320 IU for children aged 4 -8 years (Choudhary and Swami, 2012) . Vitamin A is essential for reproduction in females. In pregnant female rats, mice, and humans, elevated intake of vitamin A can induce a wide spectrum of embryonic defects (Freytag et al., 2003) .
During embryogenesis and early postnatal life, retinoic acid facilitates the nervous system development by guiding neural patterning and neuronal differentation (Maden, 2007 ). An oxidative enzyme, NADPH-diaphorase (NADPH-d), was detected in neurons four decades ago, and there is evidence that it is involved in a number of physiological and pathological processes (Tay et al., 2002) . This enzyme was later shown to be identical to nitric oxide synthase (NOS), which produces nitric oxide (NO) , that is active as neurotransmitter or neuronal messenger, from the amino acid Larginine. Through production of NO, the enzyme is involved in the promotion of axonal elongation and in the regulation of the advancement of the growth cone ( Van-Wagenen and Rehder, 1999) as well as in triggering the cell death in the nervous system during development (Iadecola, 1997) ing to nitrosative stress (Freire et al., 2009) . In the spinal cord, NADPH-d activity has been detected in the dorsal horn, around the central canal, and at the intermediolateral cell column of the spinal cord (Xu et al., 2006) .
Dietary vitamin A is taken up by parenchymal cells and is then transferred to hepatic stellate cells for storage (Leo and Lieber, 1999) . However, administration of vitamin A and its derivatives in excess can lead to fi brosis and hepatocellular dysfunction (Choudhary and Swami, 2012) . The mechanism of toxicity is poorly understood, but modulation of the hepatic function by vitamin A supplementation affects the structure and function of liver mitochondria (Leo and Lieber, 1999) .
Maternal RA overdosage during days 8 through 10 of gestation has been desribed as the most critical period for fetal malformation. The exact threshold of RA toxicity on offspring during this 3-day period is still debated. We focused on the NADPHd-positive neurons in the dorsal and ventral horns, around the central canal, and at the intermediolateral (IML) nucleus of the thoracic rat spinal cord to assess the normality of embryonal development, in addition to the antioxidant status in rat liver mitochondria, to eplore the possibility that liver function is affected from birth to weaning.
Material and Methods
The study was carried out on the spinal cords and livers of Wistar rats of both sexes in various periods of the postnatal development. The rats were kept under standard conditions, subject to inspection by the Ethical Commission of the Medical Faculty, Pavol Jozef Šafárik University in Košice, Košice, Slovak Republic. The experiments were conducted in accordance with the "European Directive for the Protection of Vertebrate Animals Used for Experimental and Other Scientifi c Purposes" (86/609/EU) and with the approval of the State Veterinary and Food Administration of the Slovak Republic (No. 1696/07 -221a).
The rats had free access to food and drinking water. RA (R7632; Sigma, Schelldorf, Germany) was administered to 12 female rats per os at a dose of 10 mg/kg body weight (BW) on days 8, 9, and 10 of gestation (RA group). The control group consisted of 12 female rats. Control group rats were given olive oil orally for the same period. On day 1 after birth and on day 21, the experi mental animals (8 animals per group, adults of both sexes in an 1:1 ratio) were deeply anaesthetized with thiopental (50 mg/kg intravenous) and perfused transcardially with 500 ml of heparinized 0.9% saline solution, followed by 2000 ml of freshly prepared 4% paraformaldehyde (Sigma) and 0.1% glutaraldehyde buffered with 1 M sodium phosphate (pH 7.4). The lumbar spinal cord was removed, postfi xed for 2 h in 4% paraformaldehyde, and then placed in 30% sucrose. Frozen horizontal segments of the lumbar spinal cord were sectioned at a thickness of 35 μm using a microtome. Sections were collected in 0.1 M phosphate-buffered saline (PBS) (pH 7.4) for histochemical processing.
NADPH-d was detected with the indirect method [modifi ed from Scherer-Singler et al. (1983) ] as follows: Free fl oating sections were incubated for 1 h at 37 °C in a solution containing 1 mg/ml of nitroblue tetrazolium bromide (NBT; Sigma), 0.5 mg/ml β-NADPH (Sigma), 0.8% Triton X-100 dissolved in 0.1 M PBS (pH 8.0), and 1.25 mg/ml monosodium malate (Sigma). Control sections were treated in the same way. Sections were monitored every 60 min to avoid overstaining. Following the reaction, the sections were rinsed in 0.1 M PBS (pH 7.4), mounted on slides, air-dried overnight, cover-slipped with Entelan (Merck, Darmstadt, Germany) and examined by light microscopy.
The livers of anaesthetized animals were removed and placed into an isolation medium containing 320 mM sucrose, 10 mM Tris, and 1 mM EDTA (pH 7.4). Mitochondria were isolated from livers using the method of Fernández-Vizzara et al. (2010) . Protein concentration was determined by the bicinchinonic acid (BCA) assay (Smith et al., 1985) and expressed as milligrams of protein per millilitre of homogenate (mg prot/ml). Bovine serum albumin was used as a standard. The activity of glutathione reductase (GR; E.C.1.6.4.2) was measured by the modifi ed method originally described by Carlberg and Mannervik (1985) , and the activity of glutathione peroxidase (GPx; E.C.1.11.1.9) by the method of Zagrodski et al. (1998) . The activity of superoxide dismutase (SOD; E.C.1.15.1.1) was measured using the SOD assay kit WST (Fluka, Buchs, Switzerland), and reduced glutathione (GSH) was determined by the method of Floreani et al. (1997) using Ellman's reagent (R 2 = 0.9952). An M 501 single-beam UV/ VIS spectrophotometer was used for the enzyme assays (Spectronic Camspec Ltd., Leeds, UK).
Results are presented as the mean  S.E.M. of at least three independent experiments. Statistical signifi cance was determined by one-way ANOVA followed by Student's t-test. Differences were considered signifi cant at p < 0.05.
Results
The distribution of NADPH-d-positive neurons at day 1 after birth (P1) and at day 21 after birth (P21) was observed. In normal pups, the spatial distribution of NADPH-d-positive neurons in the medial and lateral parts of laminae I and II was not uniform at P1. NADPH-d-positive neurons were found in laminae III and IV of the dorsal horn. Small multipolar neuron cells were dimly stained and they were more frequently seen in the medial portion of the dorsal horn (Fig. 1E ). In the region around the central canal numerous NADPH-dpositive neurons were observed. They were located close to ependymal cells, mostly bipolar in shape. Neuronal bodies were stained only slightly, their contours were darker, more intensely stained, but well seen on the light background of the pericentral area. Neuronal processes were straight, rarely seen branching, mostly oriented in antero-posterior direction, some of them were seen radiating towards the IML nucleus. These processes did not extend to the location of ependy mal cells. The central canal was closed, bordered by slightly darker apical parts of ependymal cells (Fig. 1A) . At both ages, neurons of the IML were NADPH-d-positive, grouped in clusters, with mediolateral processes. A few neurons were found in the intermediate zone, approximately midway between the central canal and the IML nucleus (Fig. 1C) .
Numerous NADPH-d cells were detected in laminae I and II, the greatest density of such cells occurring in lamina II at P21. NADPH-d fi ber staining in the superfi cial dorsal horn was diffuse at P21 (Fig. 2E) . Intensely stained NA-DPH-d cells were present around the central canal ( Fig. 2A ). There were no NADPH-d-positive neurons detected in the ventral horn region of the spinal cord at either age. NADPH-d-positive neurons were observed in the experimental group, indicating that prenatal development of the spinal cord was affected by high levels of vitamin A. There were no signs of morphological changes in NADPH-d-positive structures indicating a neurodegenerative effect of RA (Figs. 1B, 1D , 1F, 2B, 2D, 2F). The morphological images of NADPHd-positive neuron cells were similar in the control and experimental groups at P1 and P21.
The reduced glutathione (GSH) content and the activities of glutathione reductase (GR), glutathione peroxidase (GPx), and superoxide dismutase (SOD) in rat livers were determined at P1 and P21. The lowest level of SOD was recorded at day 1 after birth in both the experimental and control group (Fig. 3A) . The percentage change in SOD acitivities in comparison to the control was several times higher at P21 than at P1. The GPx activity in experimental samples taken at P1 and P21 was lower, but the difference was not significant when compared with the control (Fig. 3B) . The activity of GR (Fig. 3C ) in experimental samples was increased at P1 and then signifi cantly at P21 of postnatal development. A comparison of experimental and control groups showed a decreasing trend in GSH levels (Fig. 3D ) between P1 and P21. It is evident, however, that levels of GSH in the experimental group were clearly lower at P1 but not signifi cantly so at P21.
Discussion
NADPH-d histochemistry is a convenient method to detect neuronal nitric oxide synthase (nNOS) exhibiting NADPH-d activity. This technology allows the discrete localization of nNOS to the superfi cial dorsal horn, lamina X, and intermediolateral cell column of the spinal cord. NO as a gaseous neurotransmitter can infl uence synaptic transmission, plasticity, neurotoxicity, and develop ment in the CNS (Li et al., 2006) . In laminae I and II in mice, there was no or little expression of nNOS by P10, while NADPH-d activity in the superfi cial layer of the spinal cord increased gradually with age from P10 to P30 (Xu et al., 2006) . It is well known that superfi cial dorsal horn neurons are the last spinal neurons to mature (Fitzgerald, 2005) . In comparison, in rat spinal cord there was no evidence of NADPH-dpositive neurons in laminae I and II at P1, while NADPH-d-expressing neurons were seen in laminae I and II in both the control and experimental groups on P21. In the pericentral region and intermediolateral cell column of the rat spinal cord, we localized NADPH-d-positive neurons at both ages in control and experimental groups. Our results showed that NADPH-d activity was not altered in the pericentral region. In accordance with these localizations, it is well accepted that NO is involved in nociceptive processing and persistent pain as both intra-and intercellular messenger in the spinal cord (Xu et al., 2006) . In both the RA group and the control group, no NADPH-dstained neurons were found in the ventral horn at P1 or P21. However, previous reports established the presence of NADPH-d-positive neurons in the ventral horn, for example after axotomy (Lukacova et al., 2003) or in diabetic animals (Dorfman et al., 2004 ). An earlier study in mice demonstrated that oral RA application at doses of 50 to 200 mg/ kg BW, administered at gestational days 8, 9, or 10, was associated with spina bifi da. In another case, oral retinoic acid administration at a dose of 10 mg/kg BW was associated with embryofetal alterations in Wistar rats (Seegmiller et al., 1997) . In our histochemical study, a 10-mg/kg BW dose of RA at gestational days 8 through 10 had no teratogenic effects on NADPH-d-positive neurons of rat spinal cord at P1 or P21, although administration of an overdosage of RA during this time is conducive to malformations. Owing to the paucity of chronic vitamin A toxicity studies, no histochemical comparison of NO-positive structures in the CNS could be made with other work. From previous studies, RA seems to exhibit a teratogenic effect only during the initiation of abdominal formation, as the critical period of the abdominal wall development starts on about the 8th day of gestation and can extend up to the 12th day (Quemelo et al., 2007) . One possible, simple consideration may explain these results. For retinol bound to retinol-binding protein (RBP) in the maternal circulation to be transferred to the foetus, it must fi rst dissociate from maternal RBP, traverse the placenta, and enter the fetal circulation through a mechanism independent of maternal RBP. To ensure adequate transfer of retinoid across the placenta, lipoprotein-related proteins such as the low-density lipoprotein (LDL) receptor, lipoprotein lipase, or endothelial lipase are also involved in the placental uptake of retinol from lipoprotein particles (Quadro et al., 2004) . As in the studies cited, we administered RA to pregnant female rats at high doses at days 8, 9, and 10 post coitum, i.e. in the period when molecules of retinol carriers are present not only in the mother's placental decidua basalis but also in the embryo -from day 7 in the embryonic yolk sac (Sapin et al., 1998) and from day 11.5 post coitum in the liver (Wendler et al., 2003) . Therefore, the binding ability of retinol carriers increased at the time of dietary RA administration. RBP-dependent delivery of retinol to tissues allows for hepatic retinoid stores. The liver is able to turn over its retinoid stores without secreting these stores as retinol bound to RBP, albeit not to a signifi cant extent (Quadro et al., 2004) . Finally, RBP synthesis is needed for retinol transport in hepatocytes, thereby limiting vitamin A toxicity.
During hypervitaminosis A, the liver's capacity to store retinol as retinyl palmitate and the binding capacity of RBP are exceeded, potentially leading to hepatotoxicity. In this case, retinyl ester rather than retinol is mobilized from the liver and, due to its detergent-like activity, may be responsible for the labilization of various organelle membranes, resulting in the release of organelle contents or alterations in membrane function (Choudhary and Swami, 2012) . Liver damage accompanies increased oxidative stress due to the formation of reactive oxygen species (ROS) with subsequent lipid peroxidation, formation of toxic acetaldehyde, and other metabolic disturbances such as the depletion of GSH and several micronutrients (Mates, 2000) . We observed that the enzymatic activities of SOD, GR, and GPx, and the GSH content in liver mitochondria of rats follow the effectiveness of these antioxidants from P1 to P21. Depression of oxygen consumption has been noted among the effects of hypervitaminosis A on liver mitochondria (Leo and Lieber, 1999) . Generally, incomplete reduction of oxygen in mitochondria results in the generation of respiration-linked basal oxidative stress.
SOD is an enzyme essential for balancing the conversion of superoxide radicals to peroxides. Increased activity of SOD may result in the increased production of peroxides and thus oxidative stress (Molina-Heredia et al., 2006) . The activity of SOD in the experimental group at P1 was considerably lower than in the control. The more recent concept is that most retinoid-induced toxic symptoms result from nuclear receptor-mediated interaction and subsequent alteration in gene expression (Perrine et al., 2005) so that low enzyme activity at P1 could be the result of the downregulation of the expression of the respective gene. Physiologically, the SOD activity decreases with age because of lowered enzyme synthesis, but the signifi cantly decreased activity after birth in comparison to the control is indicative of the repressive effects of retinoid response elements. A signifi cantly elevated SOD activity at P21 suggests that the rate of superoxide generation may have risen (Dröge, 2002) , and was then followed by the antioxidant defence response.
GPx acts as a non-specifi c catalyst for the conversion of peroxides to the corresponding alcohols and water, thus preventing the formation of additional ROS resulting from peroxide breakdown. A non-signifi cant decrease in the GPx activity indicated a lowered demand for the conversion of peroxides to water as a result of the changes in the SOD activity. In contrast to retinoic acid treatment, in ethanol-treated rats, the GPx activity increased signifi cantly in the offspring (Ojeda et al., 2009) . It is well known that GPx inactivation and SOD downregulation cause an increase in oxidative stress (Li et al., 2000) . Along with the changes in the activity of GPx, there were changes in the activity of GR. A study of GR and GPx during ontogenesis revealed that their activities normally increase from the fi rst day of life (Elbabry and Alcorn, 2009 ). The most robust and signifi cant alteration in the antioxidant defence is a decrease in the GSH concentration. Signifi cantly depleted GSH levels were measured after birth at P1. A marked decline in the GSH level indicates oxidative stress at a time when other biochemical changes are not yet detectable, which is an important factor in the observation of antioxidative defence (Schulz et al., 2000) . Free radical-mediated damage to biological membranes increases the permeability of the cell membrane, resulting in a release of GSH and other low-molecular weight cytosolic constituents into the blood stream (Dröge, 2002) . At P21, levels of GSH were lower in comparison with the control. Numerous studies (discussed in Inder et al., 1999) demonstrated that retinol pretreatment for 3 days (in Swiss Webster mice at a dose of 75 mg/kg BW) causes attenuation of hepatotoxicity induced by different agents. Here one must mention that the ratio of body surface to body weight is larger in mice than in rats. Therefore, when recalculated to the metabolic weight of a rat, the dose of 10 mg/kg BW at gestational days 8 through 10 really had not caused the formation of neuronal embryofetal alterations.
In conclusion, morphological analysis of NA-DPH-d-exhibiting neurons in the rat spinal cord showed that prenatal exposure to high levels of RA did not affect the biological nNOS activity, as no changes were observed between P1 and P21. Therefore, NO production does not appear to be affected. On the other hand, the activities of antioxidant enzymes and the GSH content in the liver of the young were clearly affected, which could be involved in the modulation of liver functions in the postnatal period.
